A comparative analysis of two Raman line-shape functions has been carried out to validate the true representation of experimentally observed Raman scattering data for semiconducting nanomaterials. A modified form of already existing phonon confinement model incorporates two basic considerations, phonon momentum conservation and shift in zone centre phonon frequency. After incorporation of the above mentioned two factors, a rather symmetric Raman line-shape is generated which is in contrary to the usual asymmetric Raman line-shapes obtained from nanostructured semiconductor. By fitting an experimentally observed Raman scattering data from silicon nanostructures, prepared by metal induced etching, it can be established that the Raman line-shape obtained within the framework of phonon confinement model is a true representative Raman line-shape of sufficiently low dimensions semiconductors.
Introduction
Raman scattering [1] [2] [3] [4] , discovered in 1928, remains one of the versatile methods for study of materials in its all states including crystalline and nano-crystalline forms. Apart from knowing crystal structure, chemical composition, crystal defects, it also investigates different physical phenomena taking place at microscopic levels like confinement and Fano resonance etc. [4] [5] [6] [7] [8] [9] Raman scattering proves to be of superior sensitivity over other characterization tools especially where a quick and extremely sensitive technique is required especially in low dimensional semiconductors. It is an established fact that for solid semiconductor materials, Raman scattering occurs from only the zone center phonons [4, 10, 11] which results in a symmetric Raman spectrum with peak position corresponding to zone center phonon. In the nanomaterials, this rule is relaxed enabling phonons other than zone center also to participate in the Raman scattering. As a result, a redshifted Raman spectrum with asymmetric broadening towards lower wavenumber side are observed in low dimensional materials like nanowires or in general nanostructures (NSs) [12] where phonons and electrons are confinement. Richter et al [13] has given phonon confinement model (PCM) which was modified by Campbell et al [14] later to incorporate some observations into the form of a line-shape function. This model enables one to estimate NSs size. Phonon confinement effect in terms of asymmetric Raman line shape has been observed earlier by various groups [15] [16] [17] working in this field.
The above mentioned PCM allows one to incorporate various other effects, affecting the Raman scattering, by suitably modifying the Raman line-shape Eq. [12, [18] [19] [20] . As described earlier, the origin of the Raman line-shape equation is the relaxation in the zone-center phonon selection rule and confinement induced uncertainty in the wave vector of phonons. This is done by appropriately choosing weighing functions and integration limits on the wave-vector. Due to unavailability of information regarding the exact shape, size and size-distribution it is not always easy to use an unambiguous weighing function thus result in discrepancy between theoretical Raman line-shape and experimentally observed Raman scattering data. Besides certain disadvantages, the PCM has been used as the most widely used formulation when it comes to interpretation of the Raman scattering results obtained from low dimensional semiconductors especially elemental ones. In recent attempts to rectify the shortcomings of the PCM, Jia et al [21] 
Experimental Details
Commercially available boron doped p type Si wafer of resistivity 0.01 Ω-cm has been used to fabricate SiNSs have been reported in the previous literature [22] [23] [24] . In order to confirms the wire like structures formed after etching, transmission electron microscopy (TEM) was carried out using TEM-Gatan model 636MA.
Raman spectra were recorded using a large focal length micro-Raman spectrometer (Horiba JobinYvon) in back scattering geometry with 2.54 eV excitation laser with a beam waist of ∼ 1µm and charge coupled device (CCD) detector with resolution of ∼ 0.5 cm −1 . Figure 1 shows theoretical Raman line shapes generated using Eq.1, the modified phonon confinement model [21] (MPCM), for different crystallite size of Si for one dimensional confinement. It is evident from Figure 1 that as the size of NS decreases the Raman peak shifts towards the lower wavenumber (red-shift).
Results and Discussion
Inset of Figure 1 shows the asymmetry ratio (defined as α ρ = in red and green symbols respectively in the inset (Figure 1) .
where, ω (Q) = 521 1 − 0.23 Three key observations, which are used to identify presence of confinement effect in Si, are first, redshifted Raman line-shape with respect to the crystalline silicon (c-Si), second, the non-unity asymmetry ratio and third, the broadened Raman line shape as compared to its c-Si counterpart. It is evident from Figure 1 that as the size of SiNS decreases from 10 nm to 2 nm the Raman line shape exhibits red shift with respect to the c-Si. However, this observation is a must for systems with confinement effect but may also arise from other effects like stress and temperature [2529] . The broadening of the Raman line-shape is also increasing with decreasing size but no apparent change in asymmetry is observed with decreasing size (Figure 1, inset) .
The symmetry of the Raman line-shape remains intact even for NS size of 2 nm which is far below the Bohrs exciton radius of Si. This is very unusual Raman spectra from Si NSs of sizes less than 10 nm. Thus Eq.
1, though has merits, does not seem to be the representative of a typical Raman spectral line-shape for low dimensional Si. A discrepancy between the Raman line-shape represented using Eq. 1 and experimentally observed Raman scattering data is also observed and will be discussed later on. by Eq 2 below, is also analysed and compared with the one obtained using the modified model (Eq. 1). Figure 2 shows the Raman line shapes generated by PCM using Eq. 2 for different nano structure size. It is evident from Figure 2 that as the size of nano structure decreases from 10 nm to 2 nm the broadening and asymmetry of Raman line shape increases along with spectral red-shift. It is also evident from the Raman line shape generated using PCM that the peak position is more red shifted for 2nm size as compared to the 10nm size.To further confirm the asymmetric line shape we calculate the asymmetry ratio using Figure 1 and Figure 2 . Comparison between the insets of Figure 1 and Figure 2 clearly shows how Eq. 2 (PCM) results in asymmetric Raman line-shapes with increasing asymmetry ratio with size. This is a true nature of Raman scattering from low dimensional Si. In contrary, Eq. 1 (MPCM) results in a rather symmetric Raman line-shape a non-representation of experimentally observed Raman scattering from Si NSs.
where, I 1 (ω, D) shows the Eq. for PCM Raman line-shape with ω = 171400 + 100000cos
is the phonon dispersion relation of Si, k is reduced wave vector, 'a being lattice parameter of material, 'D denotes the size of NS present in the sample, Γ is the FWHM of Raman spectrum of the bulk material and 'n being the order of confinement.
Discrete points in Figure 3 (blue as well as red) shows the experimentally obtained data whereas the solid lines in red and blue are the line-shapes generated using Eq. 1 and Eq. 2 respectively. As can be seen clearly from Figure 3 , the experimental Raman data does not fit with the theoretically obtained line-shape when crystallite size of 7 nm is used in Eq. 1 (MPCM). In fact, we have also try to fit the Raman lineshape obtained using different sizes between 2nm-10 nm which also do not show fit with the experimental data. On the other hand, the experimental Raman scattering data shows a good agreement with the lineshape generated using Eq 2 (PCM) for a crystallite size of 7 nm as shown in blue curve ( Figure 3 ). The TEM image of one of the Si nanowires present in the sample is shown in the inset of Figure 3 . A size of approximately 40 nm is seen in the TEM image which is not in agreement with the size estimated using Raman scattering. This discrepancy appears due to the fact that the nanocrystals responsible for giving rise to asymmetric Raman line-shape are present inside the porous structures of the nanowires and are not resolved using electron microscopes. The smaller NSs size obtained using Raman data are the actual sizes as the Raman scattering is more sensitive in this regard as compared to other techniques [5, 31] . More discussion about this discrepancy has been reported somewhere else [33] .
It is very clear from above discussion that the MPCM does not represent the actual Raman scattering phenomenon taking place from low dimensional Si whereas PCM still appears to be the more generalized form for representation of the Raman line-shapes. The reasons for the incompleteness of Eq. 1 include the non-consideration of the participation of absolute zone-centre phonons in the Raman scattering from nanoSi. Rather MPCM considers that the zone centre of the phonon dispersion gets shifted due to finite size similar to the shifting of the band edge as discussed in the context of size dependent band gap enhancement in nano-Si. It is worth mentioning here that, considering the shift of the phonon dispersion zone centre all-together sounds a nice approach for explanation of Raman line-shapes at nanoscale but at the same time appears incomplete. Another possible advantage of using Eq. 1 is the consideration of partial phonon dispersion curve to take care of the momentum conservation. This also, though conceptually correct, leads to the discrepancy between the Eq. 1 and experimental Raman scattering data. A better way to consider the zone centre shift and momentum conservation needs to be explored but in the absence of it, PCM still seems the best and more generalized form of the Raman line-shape from nano-Si.
Conclusions
Comparison of Raman line-shapes generated using phonon confinement model (PCM) with a modified version (MPCM) of the same reveals certain discrepancies between the two for the case of SiNSs. The MPCM has been generated by incorporating the shift in the zone centre phonon at low dimensions and phonon momentum conservation which is the advantage of the model. The MPCM remains symmetric even for extremely low NSs size which is not a true representation of experimentally observed Raman scattering data. On the other hand the unmodified PCM still fits well with the experimental data and appears to be the more generalized form of Raman line-shape in low dimensional regime though attempts may be taken for more generalization of the PCM appropriately.
